Due to acid mine drainage from abandoned coal mines, the 30 I square mile Moxahala Creek watershed in southeast Ohio is one of the most acidic watersheds in the state. A watershed evaluation plan is being developed so that the most influential tributaries can be identified for restoration. Moxahala Creek has an upstream pH of 6.0 and a downstream pH of 4.0. Forty monthly sampling and flowrate measurements for 12 months are being taken. The samples are taken where each major tributary enters Moxahala Creek, and the creek itself is sampled in selected locations. The goal of this watershed study is to determine which tributaries have the most adverse effect on Moxahala Creek's water quality. By analyzing the chemical loads and other characteristics of the tributaries, those of poorest quality and most influence on Moxahala Creek will be determined. Eventually, a geographic information system for the watershed will be developed to provide the capability to visually examine the impact of each tributary on Moxahala Creek. Three tributaries that have the greatest adverse impact on Moxahala Creek have been identified using the collected data. These three tributaries may be the targets of future reclamation strategies.
Introduction
Coal mining disturbs large amounts of geologic material and exposes them to the environment. When this material is exposed to air and water, iron sulfide (pyrite) from the coal deposits is oxidized, resulting in acid mine drainage (AMO). This process lowers pH, increases acidity, increases dissolved metals, and leads to an overall degradation of water quality. AMO is a low pH, high sulfate water with high acidity usually due to oxidation of iron, aluminum, or manganese and also due to hydrogen ions. Approximately 20,000 km (12,500 miles) of streams and rivers in the United States are impacted by AMO. and about 85 to 90% of these streams receive AMO from old, abandoned surface and deep mines (Skousen, 1995) . Due to the costs involved for reclaiming abandoned mine lands, AMO continues to contaminate numerous surface and groundwater supplies.
'Paper presented at the 1998 National Meeting of the American Society for Surface Mining and Reclamation, St. Louis, MO, May 16-21, 1998 As has been mentiored, the effects of mining can have drastic impacts on the environment. The presence of AMO can lead to the degradation of streams and can further cause the inability of biological survival. The addition of AMO into creeks, streams, and lakes in many cases has caused the pH to be below the minimum needed for fish to survive. Water quality requirements for fish survival and reproduction are much more stringent than human drinking water standards (Ohio EPA) . A fishable stream has a water quality of pH > 6.5, ca• 2 > 2 mg/I, alkalinity > 5 mg/I, Ai+' < 5 µg/1, and Fe < I mg/I (Stoertz et al., 1996) . AMO also causes unsightly aesthetic conditions in water bodies such as orange-colored streambeds due to iron precipitation and unpleasant smells due to the presence of sulfur. Therefore, steps must be taken to remediate these contaminated water bodies by identifying where the AMO originates and developing a way to limit its hazardous effects. The first step to doing this is to characterize the contaminated watershed. Once water quality data has been collected, the watershed properties and characteristics may then be analyzed.
Background and Objectives
The 30 I-square mile Moxahala Creek watershed (Figure 1) located mainly in Perry County in southeast Ohio has been severely impacted by AMO from former surface and underground mines. Moxahala Creek increases rapidly in size from its Creek's water quality has suffered mainly due to AMD. Thus, a project was undertaken to study its watershed and investigate the extent and causes of its water quality problems. The overall goals of this study are to identify the tributaries that contribute most heavily to the creek's poor quality water and recommend a possible remediation strategy to clean up the watershed.
Although sulfide minerals have a relatively low solubility in water, they are unstable in the presence of dissolved oxygen and/or ferric iron. Dissolved oxygen and ferric iron can oxidize sulfide minerals such as pyrite, as demonstrated in equations (I) and (2) (Turney et al., 1996): 23 Columbul,
• Dayton Note that eight times more acidity is produced when ferric iron oxidizes pyrite (2) than when dissolved oxygen is the oxidant (I).
Ferrous iron is then oxidized to ferric iron in the presence of oxygen, and it consumes acidity, as seen in equation (3) (Tumey et al, 1996) :
This reaction is the rate-limiting step in the production of AMD in the pH range from 2 to 9 (Moses and Herman, 1991 ) .
Certain bacteria called Thiobacillus and Leptospirillum are able to derive energy from the conversion of ferrous to ferric iron (Stewart and Severson, 1994) . Reaction (3) proceeds slowly at pH values less than 4, but the presence of these bacteria can speed the reaction up by a million times (Stewart and Severson, 1994) . These bacteria thrive where mining has taken place as long as there is minimal oxygen present. Thus, AMD generation can be a very rapid process. At pH values greater than 4 when these bacteria are present, the reaction is very fast, resulting in the precipitation of iron hydroxides, as seen in equation (4) (Turney et al., 1996) :
Methods
The most important component of watershed characterization is water quality data. In order to obtain data, the 32 most critical flows in the Moxahala Creek watershed were determined.
The watershed was traversed and all of Moxabala Creek's tributaries were measured for pH, specific conductivity, temperature, and flowrate. Based on this preliminary data, the 24 most influential tributaries were selected for sampling because of their high flows, low pH, or high conductivities. Eight locations along Moxabala Creek were also selected in order to document changes in water quality along its 25-mile length.
Those preliminary locations not selected were of insignificant flow. The U.S. Department of the Interior classifies mine-related drainage as those water sources having a specific conductivity > 1000 µSiem @ 25°C, pH < 6.0, and a red or orange staining of the ground or streambed (indicator of large iron concentrations) (Blevins, 1989 ). These guidelines were followed during the initial investigation of Moxahala Creek's tributaries.
At each of the 32 sampling locations, 12 monthly sampling events were planned, but because this project began in March 1997, this paper reports only on the data from the first 6 monthly sampling events, April through September. Water samples from tributaries are taken as near to where they enter Moxahala Creek as is possible without being influenced by Moxabala Creek. Also, pH, specific conductivity, temperature, and flowrate are measured in the field at each sampling location. Once the samples are taken, they are properly preserved and kept refrigerated and shipped to an environmental lab where the water quality analysis is performed. Samples to be analyzed for metals are preserved with nitric acid.
In the environmental testing lab, the water samples are tested for pH, acidity, alkalinity, specific conductivity, total dissolved solids, sulfate, chloride, calcium, magnesium, sodium, potassium, iron, manganese, aluminum, and hardness. Once the water quality data is received back from the testing lab, it is all entered into spreadsheets by month. Chemical loads are determined by multiplying flowrate by chemical concentrations for each of the sampling locations.
The monthly data is the basis for the analysis of the Moxabala Creek watershed and is examined throughout the course of this paper. A geographic information system (GIS) will also be developed for the watershed and will be a valuable tool in examining and analyzing the collected water quality data. The (HS will include a map of the entire Moxahala Creek watershed showing all of the surface and underground mines, lakes, streams, roads, and sampling locations located within it. By incorporating the collected monthly data into the GIS using ArcView GIS software, various searches and queries may be done regarding the water quality characteristics for the sampling locations. This aspect of GIS is especially useful to a company that is planning any remedial action within the watershed. A GIS is a powerful tool that can be used to combine geographical features such as streams or creeks with data that are describing them.
Because the GIS is not yet completed for the Moxabala Creek watershed, only the water quality data from April to September 1997 will be analyzed. From this analysis, the worst quality tributaries adversely affecting Moxabala Creek will be determined. By looking at chemical loading and other trends in the data, the main contaminators will be discovered. Once they are discovered, a reclamation scheme may then be devised.
Analysis of Tributaries
After viewing flowrate data for each month at all of the sampling locations, there seemed to be significant changes in the flowrates spatially and temporally so as to suggest that they are primarily influenced by rainfall events. If a sampling location had a relatively constant flowrate each month, then it would likely be dominated by groundwater flow. However, this was never the case for any locations sampled.
First, the deterioration of Moxabala Creek's water quality must be documented. The average pH of Moxahala Creek at its source is 6.0 and is under 4.0 near its mouth. Its conductivity also increases from an average of 792 µSiem up to 1163 µSiem near its end. These two trends are clearly shown in Ji! ::,
"" and sulfate concentrations over Moxahala's length. In order to change the pH and conductivity of a large creek so drastically, there must be tributaries of extremely poor water quality flowing into Moxahala Creek. Therefore, the investigation aims to find the tributaries causing most of this contamination.
Andrew Creek
Significant changes in pH, specific conductivity, acidity, and sulfate concentration occur in Moxahala Creek between sampling locations #57 and #55. As can be seen on the map in Figure I . location #57 is located 7.7 kilometers from Moxahala Creek's source and location #55 is l.6 kilometers downstream from it. From Figure 2 and Table I . it can be seen that pH drops an average of 2.22 units from #57 to #55. Specific conductivity also increases an average of 70 I µSiem between the two points, as evidenced in Table  2 . The reason for these drastic changes is that Andrew Creek (location #56) flows into Moxahala Creek just upstream of location #55. Underground and surface Table 3 , it is also noted that Andrew Creek increases Moxahala Creek's flow by an average of approximately 45%. The water quality of Moxahala Creek is also severely impacted by another poor quality tributary of inflow from McCluney Creek (hcation #30 in Figure  I ). Underground and surface mine maps once again show that there was considerable mining done in the vicinity of location #30 (USGS, 1985 Creek would be much more noticeable. The chemical loads that McCluney is contributing to Moxahala will be discussed later in th is paper and will better demonstrate the pollution that it is causing to Moxahala Creek.
Black Fork
Finally, there is a tributary of significant flow that actually increases the pH of Moxahala Creek. Black Fork (location #24 in Figure 1) enters Moxahala Creek at the 21.4 kilometer mark and increases its flow by an average of27%. Figures 2 -5 show that Black Fork noticeably increases Moxahala Creek's pH and lowers its acidity and specific conductivity. Table 4 shows these changes by displaying data for locations #25 and # 11 on Moxahala Creek and for Black Fork 
Chemical Loading Analvsis
Now that the three tributaries of highest flowrate and seemingly most significant impact have been examined at a glance, an in-depth look at how the chemical loading of all of the tributaries affect Moxahala Creek will be taken. The tributaries most detrimental to Moxahala Creek's water quality are those contributing the largest chemical loads. As contaminated streams flow into larger streams, dilution occurs 1naking the ,vater less toxic. Ho""·cver, natural chemical and biological reactions cause some neutralization of the acidity and the precipitation of metals (Skousen, 1995) . This does not lessen the damage that AMD laden tributaries can cause to a larger stream or creek.
The 24 tributaries of Moxahala Creek that are of poorest water quality have been sampled each month from April to September. The acid, sulfate, and metal loading that each tributary contributes to Moxahala Creek for each month will be examined. April data is not used due to incomplete flowrate measurements. This is a fmal analysis to determine streams that may be targets of a reclamation strategy for improving Moxahala's water quality.
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Acidity is a measurement of the amount of base needed to neutralize a volume of water. For AMD, acidity usually includes hydrogen ion concentration (low pH) but more importantly, also includes mineral acidity which arises from the presence of many dissolved metals in the water. However, when dealing with AMD from coal mines in the eastern United States, the use of pH. iron, aluminum. and manganese usually accounts for the majority of the acidity (Hedin et al., 1988) .
Acid loading involves more than simply the acidity concentration of a tributary. It is determined by multiplying the acidity concentration (mg/I) of the tributary by its flowrate (1pm) to obtain a loading (kg/day). Thus, a tributary of extremely high acidity concentration and very low flow is not going to have the same effect on Moxahala Creek as a tributary of lesser acidity concentration and a high flow. The main polluters of Moxahala Creek therefore can be determined by analyzing the acid loads of each of the 24 tributaries for each month. Table 5 shows the acid loads of the sampled tributaries for May through September. From Figure  6 , it is obvious that the three main contributors of acid load to Moxahala Creek are tributaries entering at locations #30, #40, and #56. These three tributaries account for an average of 80% of all of the acid loaded into Moxahala Creek, with Andrew Creek (#56) alone accounting for an average of 56~1>. It is interesting to note that if all of the acidity in these three streams were neutralized, the alkalinity from some of the other tributaries, mainly Black Fork, would reduce the remaining acid load so that an average of 88% or all of the acid~ loaded into Moxahala Creek would be eliminated. This is a very high number considering that only three of24 tributaries would need to be treated.
Sulfate
A similar analysis is performed on the sulfate loads of the tributaries. Sulfate sulfur is usually only found in fresh coal and is commonly the result of weathering and recent oxidation of sulfide sulfur. Sulfate is a reaction product of pyrite oxidation and therefore is not an acid producer (Skousen, 1995) . AMD is commonly neutralized by carbonate rocks or neutral-to-alkaline receiving streams, and most metals will precipitate out of solution. However, this process does not change the concentration of sulfate; thus sulfate is the best indicator of AMD (Toler, 1980) . As can be seen in In viewing the metal loads for the tributaries of Moxahala Creek, the same tributaries as previously mentioned are the major contributors. Andrew Creek once again has the highest loads of iron, aluminum, and manganese. Black Fork has the second highest iron load of the four but has the lowest aluminum and manganese loads. The fact that Black Fork has such high iron load and such a low acidity is evidence that there is probably some type of alkaline treatment upstream. Table 7 and similar tables made for aluminum and manganese show that these four 
